P-Lactamases (EC. 3.5.2.6) can be directly compared by analytical isoelectric focusing. Using this technique, 242 strains from five Gram-positive and 16 Gramnegative genera were examined. A preparation of each strain focused as a single group of bands which did not match the pattern of any R factor-associated P-lactamase. None of the strains was known to carry an R factor and resistance transfer experiments were unsuccessful. The enzymes studied were therefore thought to be chromosomally mediated. The isoelectric points ranged from 3-9 to 8-7 and were not related to the substrate profiles or other biochemical properties. The chromosomal P-lactamases appeared to be specific for genus, species and sub-species, and strains that produced identical P-lactamases had identical bacterial characteristics. Correlation of bacteriological differences with differences in ,8-lactamase patterns is discussed with particular reference to strains of Escherichia coli and Klebsiella spp. Since P-lactamases may be universally produced by bacteria, separation of the enzymes by analytical isoelectric focusing could be used in bacterial taxonomy.
I N T R O D U C T I O N
@-Lactamases that cannot be distinguished biochemically and immunologically can be differentiated by analytical isoelectric focusing (Matthew et al., 1975) . Using this very sensitive technique, the different enzymes produced by various strains each appear as a pattern of bands (usually a group comprising a main band and satellites) which can be compared visually. Chromosomal and R factor-mediated P-lactamases produced by a single strain appear as separate entities and two groups of bands have always been seen in the isoelectric focusing patterns of 175 strains known to carry transmissible R factors mediating resistance to P-lactam antibiotics (Matthew ef al., 1975; and unpublished observations) . Each strain described in this paper produced P-lactamase that focused as a single group of bands. We believe that all these P-lactamases are specified by the bacterial chromosome, and we present evidence that the enzymes are specific for genus, species and sub-species. Since the grouping of organisms by their P-lactamase patterns correlates with conventional taxonomic grouping, comparison of chromosomally-mediated P-lactamases may be used as a single criterion for assigning strains to sub-species delineated by combinations of other available tests.
METHODS

Strains.
All strains, except Neisseria gonorrhoeae, were from either the National Collection of Type Cultures (NCTC), the National Collection of Industrial Bacteria (NCIB), the American Type Culture Collection (ATCC) or from the culture collection maintained in this laboratory (strain numbers bearing the suffix E ) . A small group of strains, producing P-lactamases of special interest, are referred to by previously published numbers : these are listed in Table I , together with the numbers of clinical isolates not maintained in a culture collection. The bacterial characteristics of all the strains were verified using the methods of Cowan & Steel (1965). All serotyping was carried out by the Central Public Health Laboratory, Colindale, London NWg 5HT. There was no epidemiological linkage between the strains. Resistance transfer. Attempts were made to demonstrate the presence of R factors specifying resistance to P-lactam antibiotics using the method of Datta (1962). Escherichia coli K I~ cultures, either ~~1~1 2 7 0 or NCIB9482, resistant to nalidixic acid or streptomycin, were used as recipients.
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Destruction of P-lactam antibiotics by Klebsiella enzymes. The /?-lactamases produced by Klebsiella strains were examined by a modification of the method of Knox & Smith (1961). The strains were sub-cultured on to 0.22 pm pore, 25 mm diameter membrane filters (Millipore) laid on plates containing roml blood agar base no. 2 (Oxoid). These plates were incubated at 37 "C for 18 h and then the membrane filters carrying grown cultures were removed. @-Lactamase activity in the agar was detected by overlaying the plates with a further 10 ml agar medium containing a /?-lactam antibiotic and Staphylococcus aureus ~~1~8 2 4 4 , which was used as the indicator organism (Newsom, Marshall & Harris, 1974) . Growth of Staph. aureus in the region of filter discs indicated destruction of a /?-lactam antibiotic; the range of antibiotics destroyed gave a qualitative indication of the P-lactamase type. The test organisms were never in direct contact with antibiotic and the method therefore assessed only constitutive enzyme production.
Induction of P-lactarnase. Cultures of Enterobacter cloacae were grown in brain-heart P-Lactamases and bacterial taxonomy 57 infusion broth (Difco) for 2 h on a rotary shaker. p-Lactam antibiotic was then added to induce enzyme production. Cephalosporin C, cephaloridine, benzyl penicillin or methicillin was added at a final concentration of 500 pg ml-? Cultures were shaken at 140 rev. min-l for a further 16 h at 37 "C before the cells were harvested.
Preparation and analytical isoelectric focusing of intracellular p-lactamases. The methods used were described by Matthew et al. (1975) . Crude intracellular preparations were focused in thin layers of polyacrylamide gel containing mixed ampholytes. The p-lactamases aligned as sharp bands at their isoelectric points (PI) and were located by staining with a chromogenic cephalosporin substrate. The error in measuring the position of a p-lactamase band in the gel was approximately & 0.2 pH, whereas bands of ,8-lactamase activity were resolved to less than 0.1 pH. Thus the same nominal PI value could be obtained for non-identical ,8-lactamases (these had non-confluent bands when the enzymes were run in adjacent tracks). Enzymes with similar PI values were always checked for identity or non-identity in adjacent tracks. In different runs, various fl-lactamases always appeared in the same positions relative to one aother.
Preparation of antisera. Antisera to p-lactamases from Ent. cloacae ~9 9 and K. aerogenes 1 0 8 2~ were prepared by the method of Ross & Boulton (1972). Escherichia coli D~I p-lactamase was purified by the method described for the Ent. cloacae ~9 9
enzyme (Ross & Boulton, 1973) and then used to raise an antiserum. Antiserum to purified E. coli TEM P-lactamase was prepared by the method of Jack & Richmond (1970).
Immunoisoelectric focusing. The method of Matthew et al. (1975) was used.
RESULTS
/3-Lactamases not mediated by R factors
The p-lactamase isoelectric focusing pattern of each strain consisted of a single group of bands. None of the organisms was known to be carrying R factors specifying p-lactamase, and all attempts to transfer /3-lactamase-mediated resistance were unsuccessful. None of the strains produced P-lactamase with an isoelectric focusing pattern which matched that of any known R factor-mediated p-lactamase (Datta, Hedges, Matthew & Smith, unpublished observations). It was therefore concluded that all the enzymes studied were chromosomally mediated.
The isoelectric focusing patterns of p-lactamase from an inducible strain were qualitatively identical before and after induction. Figure I shows the p-lactamase pattern obtained from preparations of the inducible strain Ent. cloacae 214 (Hennessey, 1967) without induction, and after growth in the presence of four p-lactam compounds. None of the enzymes described in this paper was induced because analytical isoelectric focusing was sufficiently sensitive to detect the basal level of enzyme in inducible strains.
Using this method, p-lactamases were seen in the intracellular preparations of 242 strains from the 21 genera examined. The enzymes had PIS ranging from 3-9 to 8.7. Table 2 shows the highest and lowest observed p-lactamase pl values of strains from each genus and also the PIS of p-lactamases produced by the reference strains ( Table I) . The relative PIS of plactamases from the various genera were checked by running the enzyme preparations in adjacent tracks, and Table 2 shows that the pl ranges for several genera overlapped, e.g. Levinea and Proteus ; Shigella and Enterobacter. Some genera contained strains which produced p-lactamases of widely different PI: e.g. Bacillus spp. with enzymes of PI 5.1 to 6.3 ; and Salmonella spp. with enzymes of pI 3.9 to 7.2. Other genera, such as Acinetobacter or Streptococcus, produced p-lactamases with PIS less than 0.5 pH apart. The p-lactamase-On: Thu, 02 May 2019 19:53:52 producing strains included E. coli 741 and K. pneumoniae 466, isolated in 1 9 4 and 1939 respectively, before p-lactam antibiotics were widely used in antibacterial therapy; and also species of Neisseria and Streptococcus that were previously thought to lack the enzyme (Richmond & Sykes, 1973).
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Genus, species and sub-species speciJicity of p-lactamases The p-lactamases produced by strains from one genus always had different PIS from those produced by strains from another genus. This was true even when the genera were fairly closely related taxonomically, and produced enzymes with similar specificities. Figure 2 shows the differences between some p-lactamases from strains of Citrobacter, Enterobacter and Serratia. All of these enzymes are primarily cephalosporinases inhibited by cloxacillin and methicillin. Fig. I . Uninduced and induced P-lactamase from Enterobacter cloacae 214. Cultures of Ent. cloacae 214 were grown: 1, without inducer; or in the presence of, 11, cephalosporin C; 111, cephaloridine; IV, benzyl penicillin; V, methicillin; each at a concentration of 500 pg ml-l. Fig. 2 . /3-Lactamases with cephalosporinase substrate profiles from strains of different genera. Preparations of the following strains were focused: I, Serratia marcexens I 3 2 4~; 11, Citrobacter freundii 1 4 6 1~; 111, Enterobacter cloacae 1 6 7 3~; IV, Serratia marcexens I 3 3 1~; V, Citrobacter freundii 1 0 8 8~; VI, Enterobacter cloacae 1 6 8 6~. Different species from the same genus always produced different p-lactamases. This is illustrated in Fig. 3 by enzymes from strains of Bacillus cereus and B. lichenformis, Mycobacterium fortuitum and M . phlei, Shigella flexneri and Sh. sonnei, and Enterobacter aerogenes and Ent. cloacae. Strains of a single species produced p-lactamases of more than one pattern, as shown in Fig. 4 for strains of Proteus inconstans (Providencia), P. rnirabilis and P. rettgeri. However, when preparations of more than a few strains from a single species were examined, it was found that they produced P-lactamases having only a small number of different patterns, which indicated that sub-species differentiation is limited. For instance, enzyme p17.5 by I 2 ; and enzyme pl 7-2 by only one. A similar distribution of single-species P-lactamases amongst enzymes of various PI values was obtained for 10 strains of Citrobacter freundii that produced only three different P-lactamases, eight strains of Ent. aerogenes (four p-lactamases), and I 9 strains of Ent. cloacae (five P-lactamases). P-Lactamases from Ent. cloacae ~9 9 and 214, that are indistinguishable biochemically (Hennessey & Richmond, I 968) and immunologically, have been differentiated by isoelectric focusing (Fig. 6 ). This figure also shows the separation of pairs of enzymes with similar properties from E. coli ~3 1 and 2 1 4~ (Smith, Bremner & Datta, 1974) and Klebsiella aerogenes 1 0 8 2~ and 1439~ (Table 3) .
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Serotyping has been used conventionally to group strains of E. coli into sub-species. Preparations of six different serotypes of E. coli, including K12 (I~IOE), were examined and each produced a different p-lactamase (Fig. 7) . A seventh strain, E. variant), produced a 8-lactamase that could not be separated from the enzyme of the smooth strain, E. coli 8 5 1~s (Fig. 7) .
b-Lactamases from strains of Klebsiella Preparations from seven strains of Klebsiella had widely different /3-lactamase patterns, the PIS of the main bands ranging from approximately 5-4 to 7-7 (Fig. 8) . The differences in isoelectric focusing patterns reflected the differences between the strains (Table 3) . Initially the organisms were characterized by their ability to destroy a range of p-lactam antibiotics 
and by conventional bacteriological methods. All strains had 18 positive and five negative diagnostic features in common, but four tests were variable for the strains and served to differentiate the groups of organisms. Two groups were bacteriologically identical by the criteria shown in Table 3 ; these strains, represented by reference organisms K. aerogenes 1 0 8 2~ and 1 4 3 9~, were clearly separated by isoelectric focusing (Fig. 8) .
None of the Klebsiella /3-lactamases focused at pH 5-4, the PI of the enzyme mediated by the TEM R factor (Matthew et al., 1975) ; nor did any of them cross-react with antiserum to the purified TEM enzyme. This was in contrast to the findings of Sawai, Yamagishi & Mitsuhashi (1973) , who reported that Klebsiella /3-lactamases, p17.2 to 7.87, cross-reacted with antiserum to the enzyme produced by E. coli R , , , , . This is predominantly the TEM j9-lactamase (Matthew et al., 1975) . DISCUSSION Analytical isoelectric focusing has shown that a wide variety of Gram-negative and Gram-positive bacteria produce /3-lactamases with a broad range of isoelectric points. These do not appear to be related to the enzymes' biochemical properties, such as the substrate profiles or susceptibility to /?-lactam inhibitors that form the basis of Richmond & Sykes (I 973) /3-lactamase classification. Enzymes may have similar biochemical properties and differ greatly in isoelectric focusing; for example, the penicillinases produced by Staph. aureus PCI (Novick, 1962) and B. lichenformis NCIB6346 (Pollock, 1965 ) have isoelectric points 3-6 pH apart. Alternatively, enzymes may have very different biochemical properties and yet focus close to one another. Examples are the N. gunorrhoeae cephalosporinases (R. B. Sykes, unpublished results) and the broad spectrum /3-lactamase specified by RPI (Richmond & Sykes, 1972 , that both have isoelectric points about 5-6; and the cephalosporinase from Bacteroides fragilis I 6 0 4~ ( R . B. Sykes, unpublished results) that has an isoelectric point very close to that of the oxacillin-hydrolysing penicillinase, PI 7-4, specified by R , , , , (Yamagishi et al., 1969; Dale & Smith, 1974) . /3-Lactamase does not appear to be produced primarily in specific response to exposure of organisms to /l-Iactam compounds, since the enzyme is produced by strains of B. licheniformis (Pollock, 1967) , K. pnewnoniae 466 and Staphylococci (Segalove, 1g47) , that were isolated before &lactam antibiotics were used therapeutically, and by organisms isolated from populations never treated with antibiotics (Gardner et aZ., 1969) . If the primary role of /3-lactamases were to protect organisms from the antibacterial action of j9-lactam compounds, then one would not expect the enzyme, whether inducible or not, to be present universally in bacteria. The retention of the enzyme during the evolutionary differentiation of bacteria suggests that it plays some part in normal bacterial physiology. /3-Lactamases are probably localized in the periplasmic membrane (Neu & Winshell, 1972; Sargent, Ghosh & Lampen, 1968) and Saz has demonstrated that in Staph. aureus the enzyme appears spontaneously during lag and early-exponential phase of growth and is induced by a peptidoglycan (Ozer, Lowery & Saz, 1970; Sachithanandam, Lowery & Saz, 1974) . It seems that the normal role of the enzyme might be to break a p-lactam structure that is a transitory intermediate in bacterial cell-wall metabolism. No such compound has been characterized yet, but our present knowledge of cell-wall structure comes chiefly from the chemistry of the finished product (Costerton, Ingram & Cheng, 1974; Salton, 1964) .
Evidence of genus and species variation of some fl-lactamases from both Gram-negative and Gram-positive bacteria has been presented by other workers (Hamilton-Miller, I 968 ; Pollock, 1965; Richmond, 1965; Sawai, Mitsuhashi & Yamagishi, 1968; Thompson et al., 1972) . Our results from the examination of 242 strains from 21 genera confirm that /3-lacta-
